Electrode surface wettability is critically important for heterogeneous electrochemical reactions taking place in aqueous and nonaqueous media. Herein, electrochemically inert g-C 3 N 4 (GCN) is successfully demonstrated to significantly enhance water oxidation by constructing a superhydrophilic catalyst surface and promoting substantial exposure of active sites. As a proof-of-concept application, superhydrophilic GCN/ Ni(OH) 2 (GCNN) hybrids with monodispersed Ni(OH) 2 nanoplates strongly anchored on GCN are synthesized for enhanced water oxidation catalysis. Owing to the superhydrophilicity of functionalized GCN, the surface wettability of GCNN (contact angle 0°) is substantially improved as compared with bare Ni(OH) 2 (contact angle 21°). Besides, GCN nanosheets can effectively suppress Ni(OH) 2 aggregation to help expose more active sites. Benefiting from the well-defined catalyst surface, the optimal GCNN hybrid shows significantly enhanced electrochemical performance over bare Ni(OH) 2 nanosheets, although GCN is electrochemically inert. In addition, similar catalytic performance promotion resulting from wettability improvement induced by incorporation of hydrophilic GCN is also successfully demonstrated on Co(OH) 2 . The present results demonstrate that, in addition to developing new catalysts, building efficient surface chemistry is also vital to achieve extraordinary water oxidation performance.
Introduction
Recently, ever-increasing research interest has been focused on developing alternative strategies to efficiently utilize sustainable renewable energy worldwide. In addition to gridscale energy storage, energy conversion, which means converting renewable energy into various chemical energies, is another important avenue. Water electrolysis (electrochemical water splitting) is one typical chemical process that converts electricity derived from renewable energy into hydrogen, and also presents a clean and potentially cost-effective pathway to achieve renewable energy conversion. [1] Compared with hydrogen evolution reaction (HER), oxygen evolution reaction (OER) is much more sluggish because four electrons need to be removed to form oxygen, and hence water electrolysis efficiency is greatly hindered by kinetically sluggish OER. On the other hand, OER is also an important half reaction involved in rechargeable metal-air batteries, and the corresponding OER reaction kinetics determines the battery performance as well.
[2] Therefore, developing highlyefficient catalysts for OER are extremely urgent to address the challenges in artificial watersplitting systems and metal-air batteries. [3] Some noble-metal catalysts such as Ru-and Irbased materials are state-of-the-art OER electrocatalysts; however, the considerable scarcity and high cost seriously limit their practical applications. [4] It is thus critical to explore lowcost and stable alternatives with promising catalytic performance towards water oxidation. To date, numerous efforts have been undertaken to design non-precious OER catalysts, [5] and non-precious metal-based oxides, [6] hydroxides, [7] and carbonaceous materials [8] have drawn much reacearch attention. In particular, Ni-based hydroxides and oxides demonstrated outstanding OER catalytic activities with a low overpotential and high electrolysis current in alkaline electrolytes.
[5a, 7a] In order to further enhance the electrocatalytic activity of the aforementioned Ni-based catalysts, current strategies mainly focuse on heteroatom doping, designing and synthesizing highly efficient nanostructures/nanocomposites. [7b, 7c, 9] It should be mentioned that most approaches aim to improve the intrinsic activity, expose more active sites, and/or enhance charge transfer ability of the catalysis. As is already known, in addition to exposed active sites and charge transfer ability, the electrocatalytic performance of the heterogeneous catalysis has close correlation with the adsorption and desorption properties of the electrode surface, which determine the mass-diffusion kinetics of both the reactants and products. Recently, 2D graphitic carbon nitride g-C 3 N 4 (GCN) has been widely implemented in the photocatalysis field due to its unique electronic band structure and high physicochemical stability. [11] Some effort has already been made to study GCN-based composites as electrocatalysts for water splitting. [12] It was found that bare GCN is nearly inert for OER and hydrogen evolution reaction (HER), and the delivered catalytic performance is mainly ascribed to the synergistic effect of GCN and the conductive carbonaceous materials (e.g.,
CNT and graphene). Nevertheless, some unique physicochemical properties of GCN make it an attractive component for constructing high-performance electrocatalysis occurred in aqueous environment. It is worth noting that proton-functionalized GCN nanosheets show excellent water dispersion stability, and this would substantially improve the wettability of the composites containing such GCN nanosheets. [13] Besides, the GCN nanosheets can help achieve good dispersion and hinder agglomeration of active materials, ensuring substantial exposure of the active sites. Moreover, the excellent chemical stability enables GCN to function as a robust substrate for active materials towards durable performance. [14] nanosheets. The excellent electrochemical performance suggests that, in addition to improve intrinsic catalytic ability and expose more active sites, engineering an efficient catalyst surface is also vital to gain accelerated catalytic reaction kinetics.
Results and discussion
The schematic illustration of the synthetic route toward 2D GCNN hybrids is displayed in Figure S1 (Supporting Information). Firstly, Ni 2+ ions are intercalated into the interlamination via ultrasonication treatment and this could effectively promote the exfoliation of functionalized GCN with lots of protons and aminos. [15] During the hydrothermal process, the adsorbed Ni 2+ cations participate into the homogeneous precipitation reaction and form Ni(OH) 2 nanoplates on GCN nanosheets. It should be noted that the hydrothermal process also facilitates the exfoliation of GCN. Figure 1a shows the X-ray diffraction (XRD) pattern of the as-prepared GCNN:65 (65 wt% Ni(OH) 2 ) nanocomposite. It can be seen that the XRD pattern contains typical diffraction peaks of hexagonal phase α-Ni(OH) 2 and GCN, reflecting that the formation of GCNN. [16] Notably, the intensity of the GCN (002) peak at 27.4°, corresponding to the characteristic interlayer stacking structure, is evidently reduced compared to bulk GCN ( Figure S2 , Supporting Information), indicating the formation of few-layered nanosheets. [13] Besides Ni(OH) 2 . [17] The absorption band located at 2202 cm -1 can be assigned to the typical vibration of CN bonds in the OCN − anions produced during the urea hydrolysis. [18] The distinctive stretch mode of aromatic CN heterocycles from 1100 to 1600 cm -1 coupled with the breathing mode of the triazine units at 810 cm -1 evidence the presence of GCN. [19] Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) characterizations were eV is absented in the C 1s spectrum. [22] The O 1s peak at 531.7 eV as shown in Figure S6 (Supporting Information) confirms the presence of the O-Ni bond. [22] [23] The present results eV can be assigned to Ni 2p 3/2 and Ni 2p 1/2 , respectively, and the spin-energy separation of 17.6 eV is the characteristic of Ni 2+ in Ni(OH) 2 . [24] The electrocatalytic performances of 2D GCNN hybrids together with bare Ni(OH) 2 and GCN for OER were investigated under alkaline conditions using a typical three-electrode system. Figure 3a shows the iR-corrected linear sweep voltammetry (LSV) curves conducted in 1 M KOH aqueous solution at a scan rate of 5 mV s -1 . In the polarization curves, the peak located at around 1.43 V versus RHE can be ascribed to the redox reaction of Ni 2+ /Ni 3+ in Ni(OH) 2 . [9] Clearly, GCN is inert to the water oxidation reaction, but the catalytic activity of the Ni(OH) 2 is dramatically enhanced by incorporating moderate GCN nanosheets. The As shown in Figure 3e , the current density steadily increases over time and retains 102% of the initial current (96% of the peak current density) after 10-h operation. In contrast, the current density of Ni(OH) 2 at the same potential decays quickly after 1-h operation and eventually only 65% current density is retained. The CV profiles conducted at 10 mv s Secondly, the surface wettability of GCNN:65 is greatly improved after combining Ni(OH) 2 with GCN, resulting in fast diffusion of hydroxyl ions and desorption of oxygen gas.
The static contact angle measurements were performed to investigate the surface wettability of the catalysts. Ni(OH) 2 is hydrophilic with a contact angle of 21° ( Figure 4c ). As shown in [10d]
In addition, the superhydophilic surface is very beneficial to rapid removal of gas bubbles and to maintain sufficient electrode working area.
[10b] All the unique functionalities are of great significance to deliver enhanced electrocatalytic performance. Furthermore, as can be seen from the electrochemical impedance spectra (Figure 4b Obviously, although GCN-Co(OH) 2 :65 contains less active material, it shows higher current density than bare Co(OH) 2 under same operating potentials. Notably, the GCN/Co(OH) 2 hybrid will no doubt deliver more exceptional performance if similar well-defined structure like GCNN:65 is prepared. As compared with bare Co(OH) 2 (contact angle 22°), the contact angle of GCN-Co(OH) 2 :65 is 0°, revealing a superhydrophilic surface ( Figure S12c and d, Supporting Information). Therefore, it can be concluded that introducing hydrophilic functionalized GCN can significantly promote water oxidation catalysis by delivering a superhydrophilic catalyst surface.
Conclusion
In summary, we reported that electrochemically inert functionalized GCN can substantially promote water oxidation catalysis by improving the wettability and active site exposure of the catalysts. As a proof-of-concept demonstration, superhydrophilic GCNN hybrid nanosheets were synthesized towards efficient water oxidation catalysis. In addition to the superhydrophilic catalyst surface, plenty of monodispersed Ni(OH) 2 nanoplates were strongly coupled with GCN, ensuring the maximum exposure of active sites. Consequently, the GCNN hybrid with moderate GCN content exhibited significantly enhanced electrocatalytic performance as compared with bare Ni(OH) 2 nanosheets. Similar performance enhancement was also successfully demonstrated on Co(OH) 2 after integrating with superhydrophilic GCN.
This work opens a new avenue for the development of highly efficient catalysts for electrochemical reactions taking place in aqueous and non-aqueous medium.
Experimental
All the chemicals were purchased from Sigma-Aldrich (A.R) and were used as received without further purification.
Preparation of functionalized GCN:
Bulk GCN powders were prepared by calcining melamine as precursor in air at 550 °C for 2 h with a heating rate of 2.3 °C min -1 . For the functionalization of GCN, bulk GCN powders were dispersed in 6 M HCl with ultrasonication for 1 h, and then stirred for 4 h at room temperature. [13] The functionalized GCN was centrifuged and washed with deionized water for several times. transferred to a Teflon stainless-steel autoclave with a capacity of 50 mL. The autoclave was sealed and heated at 120 °C for 10 h in an electric oven. The resulting products were collected by centrifugation and washed with ethanol and deionized water for three times respectively, and were eventually dried at 60 °C in oven overnight.
Preparation of GCNN nanocomposites:
Materials Characterization: X-ray diffraction (XRD) was carried out using GBC MMA X-ray Chronoamperometry measurement was conducted under the same potential of 0.6 V (vs.
Ag/AgCl) to study the durability. Electrochemical impedance spectra (EIS) were measured at 0.6 V (vs. Ag/AgCl) in the frequency range of 0.1−100 kHz. The electrochemically active surface area (ECSA) is estimated based on the measured double-layer capacitance (C DL ) of the synthesized electrodes in 1 M KOH according to the reported method.
[4c] The ECSA values were calculated according to the following equations:
Where the charging current , is equal to the product of the electrochemical double layer capacitance and the scan rate .
Here we can calculate the ECSA with C DL and a general C s = 0.04 mF cm -2 in 1 M KOH based on a typical reported value. 
